Introduction
============

(+)-Catechin and (−)-epigallocatechin gallate (EGCG) ([Figure 1](#f1-ijn-9-2157){ref-type="fig"}) are two main kinds of tea flavonoids that are suggested to have demonstrated various health-beneficial activities, including antioxidant, antitumor, and anti-inflammatory, in vitro and in vivo.[@b1-ijn-9-2157]--[@b4-ijn-9-2157] As a result, catechin and EGCG have attracted the interest of researchers and manufacturers, and these natural molecules are considered to be promising drug candidates in the pharmaceutical, cosmetic, and nutritional fields. They have already been used in the food industry as natural additives and have been applied in cosmetic products as antiaging components. However, both derivatives have poor stability and poor oral bioavailability.[@b5-ijn-9-2157] The octanol/buffer partition coefficients P of catechin and EGCG are 2.92±0.35 and 0.86±0.03, respectively. Both of them have high hydrophilicity and have difficulty penetrating the cell membrane. Maximum catechin plasma concentration was shown to be achieved 2 hours after consumption, and this was followed by rapid clearance.[@b6-ijn-9-2157],[@b7-ijn-9-2157] Two factors considered to be contributing to the limited oral bioavailability are sensitivity of catechin to the digestive system and absorption barriers in the human gastrointestinal tract; both are factors in the overall very poor intrinsic permeability of catechin and EGCG across intestinal epithelium.[@b8-ijn-9-2157] Using formulation strategy to encapsulate these sensitive compounds is considered one feasible approach to combat both the sensitivity and barrier issues, as encapsulation is found to be effective in improving oral bioavailability and prolonging shelf-life.[@b9-ijn-9-2157],[@b10-ijn-9-2157]

In order to overcome both enzymatic degradation and membrane permeation problems, the formulation of catechin and EGCG in oral delivery systems has been approached from various angles to enhance its oral bioavailability, including the use of absorption enhancers, enzymatic inhibitors, and advanced drug carrier systems.

A niosome ([Figure 1](#f1-ijn-9-2157){ref-type="fig"}) is a kind of novel vesicular system with a bilayer containing nonionic surfactants and cholesterol (CH). Nonionic surfactants are comprised of polar and non-polar segments. Surfactant molecules possess high interfacial activity, which upon hydration form a bilayer structure and hence entrap both hydrophilic and hydrophobic drugs. The advantages of niosomes include biodegradability, biocompatibility, and they are nontoxic; they exhibit good stability and niosomal carriers deliver drugs to the target site in a controlled or sustained manner that enhances bioavailability.[@b11-ijn-9-2157]

In this paper, the Caco-2 cell monolayer model, a well-accepted model of human intestinal absorption,[@b12-ijn-9-2157] was used to study the transport mechanism of the drug-loaded niosomes of catechin and EGCG. The stability, cytotoxicity, uptake, and the effects of factors such as time, drug concentration, temperature, inhibitor, and enhancer on transport were also investigated. The results may give a better understanding of the mechanism of cellular uptake and epithelial transport of the drug-loaded niosomes.

Materials and methods
=====================

Chemicals and reagents
----------------------

Catechin, EGCG, sorbitan monostearate (Span 60), CH, dihexadecyl phosphate, fluorescein isothiocyanate (FITC), sulforhodamine B (SRB), fluorescein sodium salt, ascorbic acid (AA), sodium azide, verapamil, 5-(3-(2-(7-chloroquinolin-2-yl)ethenyl)phenyl)-8-dimethylcarbamyl-4,6-dithiaoctanoic acid sodium salt hydrate (MK-571), and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (St Louis, MO, USA). Methanol of analytical reagent grade was purchased from Merck (Merck KGaA, Darmstadt, Germany). Trifluoroacetic acid was purchased from Fluka (Fluka, Milwaukee, WI, USA). Dulbecco's Modified Eagles's Medium (DMEM), fetal calf serum, penicillin-streptomycin-glutamine, nonessential amino acids, trypsin-EDTA, and Hank's balanced salt solution (HBSS) buffer (pH 7.4) were purchased from Life Technologies (Carlsbad, CA, USA). Milli-Q^®^ water (Millipore Corp, Billerica, MA, USA) was available from the Pharmaceutics Laboratory at University of Auckland (Auckland, New Zealand).

High-performance liquid chromatography
--------------------------------------

An HP 1200 series high-performance liquid chromatography (HPLC) system equipped with a diode array detector was used (Agilent Technologies, Santa Clara, CA, USA). Chromatography was performed on a Jupiter C18 column (250 × 4.6 mm, 5 μm; Phenomenex, Torrance, CA, USA) fitted with a C18 guard column (10 × 3.0 mm) by using a mobile phase containing 0.1% trifluoroacetic acid in Milli-Q water (pH 2.0), mixed with methanol at the volume ratio of 75:25, at a flow rate of 1.0 mL/minute, according to our previous research.[@b11-ijn-9-2157] All samples were analyzed at the UV wavelength of 280 nm using an injection volume of 20 μL at 25°C.[@b13-ijn-9-2157]

Encapsulation of catechin and EGCG in niosomes
----------------------------------------------

Catechin-/EGCG-niosomes were prepared by the thin film hydration method reported by Li et al.[@b13-ijn-9-2157] Predetermined amounts of Span 60 and CH were dissolved in organic solvent in a round bottom flask. Organic solvent was evaporated (Buchi Rotavapor R-215; Flawil, Switzerland) to form a thin film.[@b14-ijn-9-2157] Medium containing drug was added to hydrate the film. The obtained catechin-/EGCG-niosomes were used in the following uptake and transport studies.

Characterization of drug-loaded niosomes
----------------------------------------

The size and morphology of niosomes were also determined by negative staining-transmission electron microscopy. After niosomes were negatively stained, their size and morphology were observed using a TecnaiTM G2 Spirit Twin transmission electron microscope (FEI, Hillsboro, OR, USA). Ultracentrifugation was adopted for the separation of free and entrapped drug. The niosomal suspension was ultracentrifuged at 20,000 rpm at 4°C for 1 hour in an ultracentrifuge (Sorvall WX Ultra 80; Thermo Fisher Scientific, Waltham, MA, USA) in order to separate the incorporated drug from the free form. The precipitate of niosomes was dissolved in 20% Triton X-100 in methanol. The drugs in the supernatant and precipitate were analyzed by HPLC to determine the encapsulation percentage. The entrapment capacity of niosomes were calculated as,
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where T is the total amount of drug that is detected both in the supernatant and sediment, and C is the amount of drug detected only in the supernatant.

Cell culture
------------

The Caco-2 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were routinely maintained in complete DMEM medium in T-75 tissue culture flasks at 37°C in an atmosphere of 5% CO~2~ and 95% relative humidity. Complete DMEM medium was prepared by adding 10% fetal calf serum, 1% penicillin-streptomycin-glutamine, and 1% nonessential amino acids to sterile DMEM. Culture medium was changed every 2 days until cells grew to 90% confluence.

Stability of catechin and EGCG in HBSS and Caco-2 cells
-------------------------------------------------------

According to the literature, the chemical stability of both catechin and EGCG is pH-dependent.[@b15-ijn-9-2157] The two catechin derivatives underwent extensive degradation when subjected to the basic conditions and around 30% degradation after 1 hour exposure while they were quite stable under acidic condition when only 10% of the drug was decomposed, respectively, after 7 days. Thus, in this experiment, many reducing agents, such as AA, dithiothreitol, and Tris (2-carboxyethyl) phosphine, were used to provide protection. Aliquots of the incubated solution containing different concentrations of AA were periodically sampled and assayed for catechin or EGCG using the validated stability in pH 7.4 HBSS buffer and in Caco-2 cells by HPLC assay.[@b9-ijn-9-2157]

Effect of drug and drug-loaded niosomes on cellular uptake
----------------------------------------------------------

In the uptake studies, Caco-2 cells were seeded onto 60 mm plastic dishes (Corning, Corning, NY, USA) and fed fresh complete DMEM every 2 days. To determine the drug uptake behavior of the cells, catechin and EGCG were conjugated with FITC, and the marked drugs were analyzed by fluorescein spectrophotometer.[@b16-ijn-9-2157] The conjugated catechin (FITC-C) and EGCG (FITC-EGCG) were encapsulated in the niosomal formulation prepared by the above method. The cells were treated with FITC-C, FITC-EGCG, and their niosomes for 6 hours. At the indicated times, the medium was aspirated, and the dishes were rapidly rinsed five times with 5 mL of ice-cold HBSS. The cells were scraped off into 1.0 mL lysis medium (20% Triton X-100 in methanol) and were digested for 1 hour at room temperature. Twenty μL of the cell lysates were used to determine the total cell protein content using bicinchoninic acid (BCA) method with a Pierce BCA protein assay kit (Thermo Fisher Scientific).[@b17-ijn-9-2157] The final wash medium was determined to contain no residual catechin or EGCG, and the remainder of the cell lysates was subjected to quantitative measurement by using a fluorescein spectrophotometer (PerkinElmer, Waltham, MA, USA) (excitation wavelength 495, emission wavelength 525 nm). The amount of catechin and EGCG was calculated from the calibration curve. The extent of uptake was expressed as the amount of catechin and EGCG (μg) taken up per mg cell protein (μg/mg protein).[@b18-ijn-9-2157]

Time-, concentration-, and temperature-dependent uptake studies were carried out with FITC-C, FITC-EGCG, and their niosomes. Time-dependent uptake experiments were performed with 100 μg/mL of various drugs at 37°C for 6 hours. For concentration-dependent studies, cells were incubated with the drug suspensions at specified concentrations (0--150 μg/mL) at 37°C for 6 hours. To determine the effect of temperature, cells were incubated with the drugs at a concentration of 100 μg/mL at 4°C and 37°C for 6 hours. All experiments were repeated three times.[@b19-ijn-9-2157]

Drug transport studies in the absence or presence of niosomal delivery system
-----------------------------------------------------------------------------

### Preparation of Caco-2 monolayers

Caco-2 cells were grown as epithelial monolayers by seeding cells onto the transwell inserts (4.2 cm^2^) with a pore size of 400 nm at a density of 1.0 × 10^5^ cells/insert and incubated at 37°C in an atmosphere of 5% CO~2~ and 95% relative humidity in complete DMEM. The medium was replaced every 2 days with 1.5 mL medium in the apical (AP) side and 2.5 mL in the basolateral (BL) side. The integrity of the cell monolayer was assessed by testing both transepithelial electrical resistance (TEER) and passage of the fluorescein sodium salt.

To measure TEER, the chopstick-like electrodes were sterilized by immersion in 70% ethanol for 15 minutes and air-dried for 15 seconds. The sterile electrodes were then immersed in sterile phosphate buffered saline (PBS) to equilibrate for 15 minutes. The Millicell-ERS system (Millipore Corp) was adjusted by setting the voltage meter to 0. When measuring the TEER values of monolayers, the electrodes were carefully immersed in the culture medium of the transwell system, with the short electrode in the AP side and the long one in the BL side. The resistance values were recorded for each monolayer. The TEER values for each monolayer were monitored every 2 days until the TEER values exceeded 350 Ω · cm^2^. TEER (Ω · cm^2^) = (measured resistance value -- the resistance value of the blank transwell) × the membrane surface area of transwell. To ensure the integrity of Caco-2 monolayers, TEER values were monitored before and after the experiments.

The monolayers with TEER values \>350 Ω · cm^2^ were randomly chosen to assess the permeability of the paracellular route by transport marker, fluorescein sodium salt, (C~20~H~10~Na~2~O~5~, excitation wavelength 460 nm, emission wavelength 515 nm) in the AP to BL direction. Fluorescein sodium salt (1 μg/mL) in 1.5 mL HBSS buffer was added to the AP side, with 2.5 mL HBSS buffer dispensed into the BL side. After each incubation time of 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 6 hours at 37°C, an aliquot (0.2 mL) was collected from the BL side. The passage of the fluorescein sodium salt was determined by measuring the fluorescence signals of the BL medium. The inserts were then removed to new wells containing 2.5 mL fresh HBSS. A series of standard solutions for the calibration curve was prepared by dilution of the fluorescein sodium salt stock solution, and the fluorescence signals were determined by using a Spectra Max M2 (Bio-strategy Instruments, Auckland, NZ). The apparent permeability coefficient (P~app~) was calculated, and a leakage \<1% per hour, corresponding to a P~app~ value of \<4.8 × 10^−7^ cm/second, was thought to be appropriate for transport studies.

### Cytotoxicity study

The cytotoxicity of drugs and drug-loaded niosomes to the Caco-2 cell was examined by SRB assays. Caco-2 cells were seeded onto 96-well microtiter plates (0.2 mL/well, containing 5,000--10,000 cells/well) and incubated for 24 hours at 37°C before they were washed with PBS, followed by incubation with catechin, EGCG, and their niosomes for 24 hours. After 24-hour exposure to tested materials, cells were then fixed by incubating with 0.2 mL ice-cold 10% trichloroacetic acid at 4°C for 1 hour, and cellular proteins were dyed with 0.1 mL 0.4% (w/v) SRB in 1% acetic acid. Cell-bound dye was extracted with 0.2 mL 10 mM unbuffered Tris base (pH 10.5) to solubilize the dye, and absorbance was determined in a plate reader at 596 nm. Inhibition of growth was expressed as relative viability (% of control) and the half maximal inhibitory concentration (IC~50~) was calculated from concentration-response curves after log/probit transformation. Concentrations within the safety range were applied in the following transport experiments.

### Transport experiments

Before initiating the transport experiments, the monolayers were washed twice with warm (37°C) HBSS. The incubation buffer on both sides of the monolayers was then removed by aspiration. To avoid cell batch variations, the transport experiments for the determination of kinetics or inhibition by various compounds were always conducted on the same day using the same batch of cells. Catechin, EGCG, and their niosomes in 1.5 mL HBSS was added to the AP side, and 2.5 mL of HBSS was added to the BL side. After each incubation time of 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 6 hours at 37°C, an aliquot (0.2 mL) was collected from the BL side for HPLC analysis. The inserts were then removed to new wells containing 2.5 mL fresh HBSS. The effect of temperature (4°C and 37°C), adenosine triphosphate (ATP) inhibitor (10 mM sodium azide), permeability glycoprotein (P-gp) inhibitor (100 μM verapamil), multidrug resistance-associated protein 2 (MRP2) inhibitor (100 μM MK-571), and absorption enhancer (10 mM EDTA) on transport were investigated in this experiment. All inhibitors or enhancers were freshly prepared prior to experiment and added to the AP side with 100 μg/mL of different drugs and niosomes. The biotransformation of catechin, EGCG, and their niosomes was checked by analysis of the BL receiving chamber samples using HPLC after 6 hours. All incubations were performed in triplicate.[@b20-ijn-9-2157]

HPLC and data analysis
----------------------

All data were expressed as mean ± standard deviation (SD). The transport characteristics of catechin, EGCG, and their niosomes through Caco-2 cell monolayers were expressed as transport rate and P~app~. The transport rate was expressed in μg/minute/cm^2^ and was calculated by,
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where R is transport rate, ΔQ is the amount of catechin or EGCG appearing in the receiver side (μg), Δt is the duration (minutes), and A is the surface area of the membrane (cm^2^). The P~app~ was expressed in cm/second and was calculated by,
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where C~0~ is the initial drug concentration.

Results and discussion
======================

Characterization of drug-loaded niosomes
----------------------------------------

Transmission electron microscopy revealed that the niosomes were generally spherical, around 100 nm, with a uniform distribution as is shown in [Figure 2](#f2-ijn-9-2157){ref-type="fig"}. The particle size of catechin- and EGCG-niosomes was determined to be around 100 nm, with above 40% of added drug encapsulated.

Stability of catechin and EGCG in HBSS and Caco-2 cells
-------------------------------------------------------

The instability of catechin and EGCG has been previously described. Briefly, catechin and EGCG (100 μg/mL) were incubated in pH 7.4 HBSS buffer containing different concentrations of ascorbic acid (0.1, 1, and 10 mM) at 37°C for 6 hours. As shown in [Figure 3](#f3-ijn-9-2157){ref-type="fig"}, no significant degradation was observed at 10 mM ascorbic acid; 97.3% catechin and 86.2% EGCG were present and unchanged. Therefore, we selected 10 mM ascorbic acid as the reducing agent to study the metabolism of catechin, EGCG, and their niosomes in the culture medium with Caco-2 cells. There were no detectable metabolites within the medium of Caco-2 cells. The catechin and EGCG in niosome formulation remained unchanged within 6 hours, with only 5.4% and 6.3% decrease, respectively, while the free catechin and the free EGCG decreased 10.8% and 13.0%, respectively ([Figure 4](#f4-ijn-9-2157){ref-type="fig"}). It appeared that the catechin and EGCG in niosomes were more stable than the free drug in Caco-2 cells.

Uptake of catechin, EGCG, and their niosomes by Caco-2 cells
------------------------------------------------------------

The cellular uptake results of FITC-C, FITC-EGCG, and conjugate-loaded niosomes by Caco-2 cells in HBSS over 6 hours are shown in [Figure 5](#f5-ijn-9-2157){ref-type="fig"}. The uptake of 100 μg/mL of different drugs at 37°C increased in a time-dependent manner ([Figure 5A](#f5-ijn-9-2157){ref-type="fig"}). The uptake reached a maximum level at 6 hours, and the uptake values of FITC-C and FITC-EGCG niosomes were 2.66- and 2.13-fold higher than those of the free drugs, respectively. The uptake results are shown in [Table 1](#t1-ijn-9-2157){ref-type="table"}, and uptake of FITC-C, FITC-EGCG, and their niosomes by Caco-2 cells was 0.67±0.04, 0.46±0.03, 1.72±0.11, and 1.01%±0.09%, respectively, (n=3) of the total added amounts. The enhanced drug uptake may be attributed to the vesicle structure, with the nonionic surfactant as a component which serves as penetration enhancer.[@b21-ijn-9-2157] The uptake also increased in a concentration-dependent manner when the cells were incubated with different drugs and their niosomes within the concentration range of 10--150 μg/mL ([Figure 5B](#f5-ijn-9-2157){ref-type="fig"}); uptake increased in a temperature-dependent manner as well ([Figure 5C](#f5-ijn-9-2157){ref-type="fig"}). This finding reveals that active transport occurred during the uptake process. The enhanced increase in uptake of FITC-C and FITC-EGCG observed when cells were incubated with conjugate-niosomes at 37°C compared to 4°C also suggest that the uptake process was energy-dependent. These findings prompted us to speculate that the main mechanism involved in niosome cellular internalization is an endocytotic process.[@b22-ijn-9-2157] The uptake results can be used to explain the transport mechanism described below.

Transport assay
---------------

The result of the SRB assay showed that the IC~50~ values of catechin and EGCG were 146.7±5.1 and 124.6±3.3 μg/mL, respectively, while those of catechin and EGCG in niosomes were 387.1±8.9 and 304.0±8.2 μg/mL (n=3), respectively. The IC~50~ values of drug-loaded niosomes were calculated by the IC~50~ values of niosomes multiplied by the encapsulation efficiency.

The intestinal transport mechanism of catechin, EGCG, and drug-loaded niosomes was investigated in the current study. A schematic diagram of transcellular transport and different transporters in Caco-2 cells is depicted in [Figure 6A](#f6-ijn-9-2157){ref-type="fig"}. When catechin, EGCG, and their niosomes at 0, 10, 20, 50, and 100 μg/mL were loaded on the apical side, their AP to BL flux through the Caco-2 monolayer was essentially linear for up to 6 hours in a concentration-dependent manner, with no apparent saturation ([Figure 6B](#f6-ijn-9-2157){ref-type="fig"}). There appeared to be a faster flux of catechin and EGCG niosomes than the free drugs ([Table 2](#t2-ijn-9-2157){ref-type="table"}). At the concentration of 100 μg/mL, the flux (μg/minute/cm^2^) of catechin-niosomes and EGCG-niosomes was 1.8-fold and 1.4-fold faster, respectively, than the corresponding values of catechin and EGCG after 6 hours at 37°C. The P~app~ values indicated that both catechin and EGCG showed limited transepithelial absorption with relatively small P~app~ values, which may be associated with their low oral bioavailability. The absorption of niosomes was better than that of free drugs, which may indicate that a different mechanism was involved in the transport of drug-loaded niosomes. Vaidyanathan et al have reported that no major tea catechin was transported via passive diffusion, which indicated that active transport was the major mechanism of free catechin and EGCG.[@b23-ijn-9-2157] Our study suggests that the transport of drug-loaded niosomes may be attributed to the endocytotic pathway which is supported by the uptake results. The TEER values of the monolayers did not change significantly (*P*\>0.05) during the experimental period (up to 6 hours), ensuring the integrity of the monolayers.

The effect of temperature on transport is shown in [Figure 6C](#f6-ijn-9-2157){ref-type="fig"}; the P~app~ values of all groups (shown in [Table 2](#t2-ijn-9-2157){ref-type="table"}) were lower at 4°C than at 37°C. The same situation occurred when the ATP inhibitor (10 mM sodium azide) was added. The P~app~ values were decreased to 47.9%--53.0% of the values when ATP inhibitor was absent from the apical chamber. These results indicated that the flux across Caco-2 mono-layer was energy-dependent, and an active mechanism was involved.

The effect P-gp inhibitor (100 μM verapamil), MRP2 inhibitor (100 μM MK-571), and absorption enhancer (10 mM EDTA) on the transport was assessed. P-gp and MRP2 are transporters that are known to restrict drug absorption in the intestinal mucosa.[@b24-ijn-9-2157] These two proteins are mainly located in the apical membranes of the epithelia, and they pump out the drugs. Addition of 100 μM verapamil and 100 μM MK-571 caused a significant increase (28.9%--69.0% and 40.1%--80.8%, respectively) in the transport of catechin, EGCG, and their niosomes. The results suggest that there were functional interactions of catechin, EGCG, and their niosomes with the efflux transport on the cell membrane, and they might function as the substrate of both P-gp and MRP2. When the inhibitors were added, the efflux pumps were deactivated, which led to increased absorption of drug and drug-loaded niosomes.

EDTA is a commonly used penetration enhancer. The main mechanism of absorption enhancers is the paracellular expansion of the tight junction between cells. The membrane lipids may be extracted in the presence of EDTA, and this reduces the barrier properties of the biological membranes, resulting in enhanced drug permeability.[@b25-ijn-9-2157] In this study, the role of absorption enhancer (10 mM EDTA) in the cellular permeability was even stronger, with an increase of 95.1%--136.4%.

Conclusion
==========

Catechin and EGCG found in green tea have received considerable attention due to their favorable biological properties, which include cardioprotective, neuroprotective, and anticancer effects. However, their therapeutic potential is limited by their low oral bioavailability, attributed to poor stability and intestinal absorption. In this study, a niosomal carrier was developed for the purpose of enhancing drug oral bioavailability. The developed drug-loaded niosomes had satisfactory size and entrapment. Compared with the free drugs, the niosome formulations significantly enhanced drug absorption. The transport mechanism of drug-loaded niosomes was found to be temperature- and energy-dependent, which indicated an active mechanism. With the results of uptake studies, it was inferred that endocytosis was involved in the transport process. The inhibitor of P-gp and MRP2 significantly enhanced the uptake amount of catechin, EGCG, and their niosomes. It was also found that the penetration enhancer, EDTA, remarkably improved the transport of drug and niosomes. These findings are relevant to the oral administration of tea flavonoids and to the development of an efficient oral delivery system.
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![Chemical structures of two kinds of tea flavonoid drugs: (+)-catechin and (−)-epigallocatechin gallate, and a typical structure of niosomes.](ijn-9-2157Fig1){#f1-ijn-9-2157}

![Transmission electron micrograph of catechin niosomes and EGCG niosomes.\
**Abbreviation:** EGCG, (−)-epigallocatechin gallate.](ijn-9-2157Fig2){#f2-ijn-9-2157}

![Stability profiles of 100 μg/mL catechin and EGCG in pH 7.4 HBSS buffer (37°C), in the presence of 0.1 mM, 1 mM, and 10 mM ascorbic acid.\
**Notes:** Data are presented as mean ± SD; n=3.\
**Abbreviations:** AA, ascorbic acid; EGCG, (−)-epigallocatechin gallate; HBSS, Hank's balanced salt solution; SD, standard deviation.](ijn-9-2157Fig3){#f3-ijn-9-2157}

![Stability profiles of 100 μg/mL catechin, EGCG, and their niosomes incubated with Caco-2 cells in pH 7.4 HBSS buffer (37°C), in the presence of 10 mM ascorbic acid.\
**Notes:** Data are presented as mean ± SD; n=3.\
**Abbreviations:** AA, ascorbic acid; EGCG, (−)-epigallocatechin gallate; HBSS, Hank's balanced salt solution; SD, standard deviation.](ijn-9-2157Fig4){#f4-ijn-9-2157}

![Time-, concentration-, and temperature-dependent uptake of catechin, EGCG, and their niosomes by Caco-2 cells in HBSS buffer.\
**Notes:** Time-dependent uptake of 100 μg/mL of different drugs in 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 6 hours at 37°C is shown in (**A**). Concentration-dependent uptake of different drugs after 6 hours in 0, 10, 50, 100, and 150 μg/mL is shown in (**B**). Temperature-dependent uptake of 100 μg/mL different drugs after 6 hours at 4°C and 37°C is shown in (**C**). Data are presented as mean ± SD; n=3.\
**Abbreviations:** EGCG, (−)-epigallocatechin gallate; HBSS, Hank's balanced salt solution; SD, standard deviation.](ijn-9-2157Fig5){#f5-ijn-9-2157}

![Transport of catechin, EGCG, and their niosomes by human intestinal Caco-2 cells.\
**Notes:** Schematic diagram of transcellular transport and different transporters in Caco-2 cells (**A**); effect of concentration on the flux of catechin, EGCG, and their niosomes (0, 10, 20, 50, and 100 μg/mL) through Caco-2 monolayer from apical to basolateral chamber (**B**); effect of temperature (4°C and 37°C), ATP inhibitor (sodium azide), P-gp inhibitor (verapamil), MRP2 inhibitor (MK-571) and absorption enhancer (EDTA) on transport of 100 μg/mL different drugs after 6 hours (**C**). Data are presented as mean ± SD (n=3).\
**Abbreviations:** EDTA, ethylenediaminetetraacetic acid; EGCG, (−)-epigallocatechin gallate; MRP2, multidrug resistance-associated protein 2; P-gp, permeability glycoprotein; SD, standard deviation.](ijn-9-2157Fig6){#f6-ijn-9-2157}

###### 

Uptake of catechin, EGCG, and their niosomes at a dose of 100 μg/mL at 37°C after 6 hours incubation in Caco-2 cells

                     Uptake ± SD (μg/mg protein)
  ------------------ -----------------------------
  Catechin           1.22±0.16
  Catechin niosome   3.25±0.37
  EGCG               0.90±0.14
  EGCG niosome       1.92±0.22

**Notes:** Data are reported as mean ± SD; n=3.

**Abbreviations:** EGCG, (−)-epigallocatechin gallate; SD, standard deviation.

###### 

P~app~ values of catechin, EGCG, and their niosomes (100 μg/mL) from the apical to the basolateral chamber with the treatment of different temperatures, ATP inhibitor (sodium azide), P-gp inhibitor (verapamil), MRP2 inhibitor (MK-571), and absorption enhancer (EDTA)

                     P~app~ ± SD (10^−6^ cm/sec)                                                   
  ------------------ ----------------------------- ----------- ----------- ----------- ----------- -----------
  Catechin           1.68±0.16                     0.62±0.17   0.79±0.11   2.62±0.21   2.87±0.16   3.63±0.26
  Catechin niosome   2.39±0.31                     0.91±0.24   1.21±0.28   4.04±0.23   4.32±0.28   5.65±0.33
  EGCG               0.88±0.09                     0.42±0.11   0.43±0.09   1.42±0.15   1.56±0.12   1.98±0.38
  EGCG niosome       1.42±0.24                     0.66±0.12   0.68±0.22   1.83±0.14   1.99±0.17   2.77±0.24

**Notes:** Data are reported as mean ± SD, n=3.

**Abbreviations:** EDTA, ethylenediaminetetraacetic acid; EGCG, epigallocatechin gallate; MRP2, multidrug resistance-associated protein 2; P~app~, apparent permeability coefficient; SD, standard deviation.
